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Abstract—A planetaryrover operationssystemhasbeende-
veloped and verified in terrestrial rover field tests. The
Web Interface for Telescience(WITS) provides visualiza-
tion of downlink dataand rover commandsequencegener-
ation.WITS alsoprovidescollaborativesequencegeneration
by distributed Internet-basedusers. The Parallel Telemetry
Processing(PTeP)systemprocessesdownlink datafrom the
rover andplacesthedataproductsin a database.TheMulti-
missionEncryptedCommunicationSystem(MECS)provides
communicationbetweenthe primary operationscenterand
geographicallydistributed Internet-basedusers. The opera-
tionssystemwasusedto visualizedownlink dataandgener-
atecommandsequencesfor the Field IntegratedDesignand
Operations(FIDO) rover in desertfield tests. Complex sur-
faceoperationsexpectedof futureMarsrover missionswere
demonstratedin thefield tests.
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1. INTRODUCTION

Marsrovermissionoperationsincludesthegroundoperations
systemon Earth, communicationbetweenEarth and Mars,
andsurfaceoperationson Mars. Thegroundoperationspro-
cessstartswith receiptof downlink datafrom therover. The
datais thenprocessedandplacedin a database.Usersview
the downlink dataand then generateand validate the next
commandsequencethat will be uplinked to the rover. This
paperdescribesthe groundoperationssystemusedto com-
mandtheFieldIntegratedDesignandOperations(FIDO)pro-
totype Mars rover. Technologiesare describedwhich have
beendevelopedandintegratedinto the operationssystemto
makerovergroundoperationsmoreefficient. Thegroundop-
erationssystemwasusedto commandtheFIDO roverduring
desertfield testsin CaliforniaandNevada.

TheFIDOroverisaprototypeMarsroversimilarto therovers
whichwill landon Marsin the2003MarsExplorationRover
(MER) mission[1]. FIDO is usedto evaluatethe complex
surfaceoperationsexpectedof future Mars rover missions,
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Figure 1. FIDO RoverDuringNevadaDesertField Test

including identificationof rock targets,approachingthe tar-
getsandconductingin-situ measurements,aswell ascollect-
ing scientificdataondistanttargets.FIDO field testsexercise
MER missionoperationsconceptsandprovide scienceoper-
ationsteamtrainingin complex andrealterrains.

StereocamerasontheFIDOrover’smastandbodyareusedto
imagethesurroundingterrain.An InfraredPointSpectrome-
ter (IPS)on themastis usedto characterizebothnear-by and
distanttargetson theterrain.An instrumentarmplacesa mi-
croscopicimageronselectedsurfacetargets.A coringdrill is
usedto extractrocksamples.Figure1 shows theFIDO rover
duringtheMay 2000field testin Nevada.

TheWebInterfacefor Telescience(WITS) is usedfor down-
link datavisualizationandcommandsequencegenerationfor
FIDO. An updatedversion of WITS will be usedfor sci-
enceoperationsin theMER missionandexperiencefrom the
FIDO field testshasled to focusedtechnologyenhancements
to benefitMER missionoperations.WITS wasoriginally de-
velopedto provideInternet-baseddistributedMarslanderand
rover operationsandwasusedto commandthe Rocky7 re-
searchrover [2], [3]. An adaptationof WITS wasusedfor
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RoboticArm andRoboticArm Cameracommandsequence
generation� for the MarsPolarLander(MPL) missionwhich
wastobeginsurfaceoperationsin December1999[4]. Unfor-
tunately, communicationwith theMPL landerontheMartian
surfacewasnot achieved,socommandingthelanderwasnot
possible.

WITS is usedwith othertoolsfor theFIDO roveroperations
system. The Parallel TelemetryProcessing(PTeP) system
processesdownlink datafrom the rover andplacesthe data
productsin a file system-baseddatabase.TheMulti-mission
EncryptedCommunicationSystem(MECS) provides com-
municationbetweenthe primary operationscenterandgeo-
graphicallydistributedInternet-basedWITS client systems.

New rover operationstechnologieshave beendevelopedto
make sequencegenerationmoreefficient. Internet-basedop-
erations,whereuserscanparticipatein commandsequence
generationfrom theirhomeinstitutions,enablesusersto fully
participatein daily rover operationswithout having to travel
to the primary operationscenter. Simulation of sequence
commandsin varioustypesof viewsenablesusersto quickly
verify thecommandsof thesequence.Co-registrationof im-
agedatasetsenablestarget selectionandviewing of datain
imagestaken from any rover position. Integratedresource
analysisandrulescheckingenablesfastverificationof these-
quence.Groupcollaborationandsharedsequenceeditingen-
abledistributedusersto efficiently collaboratein dataanaly-
sisandsequencegeneration.Automatedterraintraversability
analysisshowssafetraversalpathsto assistauserin planning
rover traversepaths.Automatedreportgenerationgreatlyre-
ducesthenecessarytime to generatereportsdescribinga se-
quencethat was sent to the rover. Thesecapabilitieshave
beendevelopedandintegratedinto WITS anddemonstrated
in FIDO roveroperations.

This paperdescribesthe groundoperationssystemfor the
FIDO rover. The PTePdownlink telemetryprocessingsys-
tem, the file systemdatabase,and MECS Internetcommu-
nication systemare described. The capabilitiesand useof
WITS for downlink datavisualization,sequencegeneration,
anddistributedoperationsaredescribedin detail. Examples
are given using data from May 2000 and September2000
FIDO roverfield tests.

2. ARCHITECTURE

The operationsarchitecturefor the FIDO rover usedin the
field testsis shown in Figure2. Thearchitecturehasequiva-
lent elementsto anactualMarsrover mission.Surfaceoper-
ationsareperformedby theFIDO rover. Earthto Marscom-
municationis simulatedby satellite communicationwhich
providesacommunicationlink betweenthefield testsiteand
theprimaryoperationscenteratJPL.Downlink processingis
doneby PTePwith resultsplacedin a file systemdatabase.
WITS is usedfor datavisualizationandsequencegeneration.
MECS is usedto distribute datato Internet-basedusersand
for communicationwith Internet-basedWITS clients.

Figure 2. FIDO OperationsArchitecture

TheWITS databaseis a structuredfile system.Thedatabase
includes constantinformation such as models, uplink se-
quencegenerationinformationsuchassequences,anddown-
link dataproducts.Downlink datais automaticallyprocessed
andplacedin thecorrectplacein thedatabase.Informationin
thedatabaseis usedby WITS for datavisualization,sequence
generation,andfor automatedreportgeneration.

DownlinkDataProcessing

TheParallelTelemetryProcessor(PTeP)processesall of the
datareceivedfrom theinstrumentsonFIDO into 25different
sciencedataproductsandautomaticallyplacestheseproducts
in a structuredfile systemdatabase[5]. A prior downlink
processingsystemusedUnix scriptsto processthedownlink
data.Thatsystemwasgreatlylimited by thefactthatit could
only processa singledownlink packet at a time. In addition,
it did not gracefullyhandleerrorconditionsor provideanin-
tuitive interfaceto theuser.

PTePis a Java languageapplicationcapableof processingan
arbitrarynumber(typically 4) of downlink packetsfrom the
rover simultaneously, andautomaticallytakes advantageof
all of theCPUsthatareavailableonthecomputer. PTeP’sar-
chitecturalefficiency enablesthroughputof aboutthreepack-
etsperminute.PTePprovidesits userwith a graphicalmon-
itoring interfacethatillustratesthestepsin thedownlink pro-
cessingpipeline for eachtype of instrumentpacket and in-
dicatesthe statusof eachpacket currentlybeingprocessed.
Whenprocessingerrorsoccur, theaffectedpacketsaremoved
into anerrorqueuefor later review while processingof new
packetscontinues.At any time,ausercanaccessdetailedin-
formationabouta processingerror, correcttheproblem,and
resumeprocessingof thepacket.

Thedatabasestructurefor theprocessedFIDO downlink data
productsis shown in Figure3.

Client-ServerImplementation

WITS usesa client-server architectureto supportcommuni-
cationsbetweennumerousclients and the one server. The
serverprovidescommunicationbetweentheprimarydatabase
andthe clients. The clientsaredistributedover the Internet
andprovide the interfaceto theusersto view downlink data
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results�
aerial (images taken from orbit or during descent to the surface)
- alt-1 (images from one altitude)
- alt-n�
sites
- site-1 (one site)
- site-n�

3dView (3D view information for this site)�
overheadView (overhead view information for this site)�
panoramaView (panorama view information for this site)�
position-1 (a position within a site)�
position-n�

instrumentName (directory with data for this instrument)

Figure 3. Downlink DatabaseStructure

andgeneratecommandsequences.

TheWITS clientandserverareimplementedusingtheJava2
platform, including the Java3D and Java Cryptographyex-
tensions. Communicationbetweenthe clientsandserver is
implementedusingJava RemoteMethodInvocation(RMI).

The WITS server is implementedasa Java languageappli-
cationrunningon a computerat theprimaryoperationscen-
ter (at JPLfor FIDO operations).TheWITS client is down-
loadedfrom the JPL WITS website. It is usually run as a
Java application;it canalsoberun asa Java appletin a web
browserusingJava Plug-ins. Usersmustfirst downloadthe
Java Run-timeEnvironmentandJava3D.

Internet-basedOperations

Internet-basedoperationsareprovidedby theclient-serverar-
chitectureof WITS andthedatadistributionandsecurecom-
municationcapabilitiesof MECS.An Internet-basedremote
useris providedall of thefunctionalityavailableto a userat
the primary operationscenter. Remoteusershave accessto
downlink dataproductsalmostasquickly asusersat thepri-
maryoperationscenter. As soonasthe downlink dataprod-
uctsareverifiedasvalid, thenthey aredistributedto remote
users.

Internet-basedoperationsprovidevariousbenefits.Useof the
public Internetfor distribution of missiondataeliminatesthe
costsof dedicatedleasedlines which have beenpreviously
usedto supportremoteusers. Enablingusersto participate
in a missionfrom any locationon the World Wide Web re-
ducesbothhousingandoperationscenterinfrastructurecosts.
Also, scientific expertscan participatein the missionwho
would otherwisenot be available due to travel constraints.
Pre-missionoperationsreadinesstests(ORTs) canalsobene-
fit from Internet-basedoperations,becauseparticipantsfrom
other institutionscan fully participatein ORTs without the
additionalcost(both in time andmoney) of having to travel
to JPLfor eachtest.Thus,moretestscanbeperformedwhich
involveall missionparticipants.

A secureandefficientmeansto transferdatais neededto en-
ablecollaborationin daily sequencegenerationby Internet-

Figure 4. Sites,Positions,Targets

basedscientists. The Multi-mission EncryptedCommuni-
cationSystem(MECS) wascreatedto provide the required
secureInternet-basedcommunication[6]. MECS was inte-
gratedwith WITS both for FIDO rover operationsand for
MarsPolarLandermissionoperations.MECS operatesin a
fashionthat is transparentto the remoteuser: Files simply
appearas they becomeavailableandconnectionsaremade
securelywithout any additionaleffort on thepartof theuser.
MECS providestwo typesof encryptedcommunicationfor
WITS: 1) automateddeliveryof databaseupdatesto Internet-
basedclients,and2) encryptedcommunicationbetweenthe
clientsandserver. Sinceencryptionwasnot requiredfor the
FIDO roverfield tests,thecommunicationfeaturesof MECS
wereusedwithoutencryption.

MECSconnectionsareauthenticatedusingtheNASA Public
Key Infrastructure(PKI). After authentication,communica-
tions aremadethroughSSL(SecureSocketsLayer)andare
encryptedusingthe Triple-DES-EDE3algorithm. MECS is
implementedastwo Java programs,server andclient, using
thepublicly availableEntrustJavaToolkit’slow-levelauthen-
ticationandencryptioncapabilities.For eachmission,there
is typically oneserver, operatingbehinda missionfirewall,
andmany clients,oneoneachremoteuser’smachine.

Internet-basedoperationswas usedeffectively in the FIDO
field tests.In theMay 2000field testnearTonapah,Nevada,
operatorsusedWITS andMECSto visualizedownlink data
and generatecommandsequencesfrom JPL; Ithaca, New
York; Birmingham,Alabama;Flagstaff, Arizona; St. Louis,
Missouri; and Copenhagen,Denmark. In the operations
readinesstestsleadingup to the field test, scientistsSteve
Squyresand Ray Arvidson and their colleaguesfrom Cor-
nell UniversityandWashingtonUniversity, respectively, were
ableto leadthetestsfrom their remotelocations.

SitesandPositions

The physical locationsthat the rover traversesto are orga-
nizedusingsitesandpositions,asdepictedin Figure 4. A
site is a new areain which to explore. It is generallythe
areawithin a new panorama,e.g.,an areaof about20 me-
tersradius.A positionis a locationthat therover hasmoved
to within a site. A new position is definedwhenever the
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rover wheelshave turnedandnew datahasbeenacquiredto
be do� wnlinked. Sitesareshown in Figure4 ascircleswith
crossesin themwith namesstartingwith S andpositionsare
shown ascrosseswith namesstartingwith P.

Targetsarelocationswheresciencedatais taken. Targetsare
attachedto theterrain.For exampleatargetis whereInfrared
PointSpectrometerinstrumentdatais takenandcanbedistant
from the rover. Targetsaredepictedin Figure4 ascrosses
with namesstartingwith T.

Variouscoordinateframesdefinethekinematicrelationships
betweenlocationsthattheroverhasvisited.A SITE frameis
specifiedfor eachsiteandhasits X axisalignedwith North.
TheLANDER frameis thefirst SITEframe,atthestartof the
mission.TheROVER frameis a framefixedon therover. A
POSITIONframeis theROVER framewhena new position
is defined.

Sciencedatais definedrelative to a POSITIONframe. For
example,whena stereoimagepair is processedandthe 3D
coordinatesontheterrainassociatedwith eachpixel arecom-
puted,the 3D coordinatesaredefinedrelative to the POSI-
TION framewherethe rover waswhen it took the images.
This is importantbecausethedatarelative to the rover’s po-
sition staysconstant,but the estimateof the rover’s position
is likely to be updateduponfurther analysis. Updatingthe
estimateof therover’s position(by updatingthe transforma-
tion from theSITE frameto thePOSITIONframe)doesnot
requireupdatingof processedinstrumentdata.

WITS automaticallymanagesthe variouscoordinateframes
andtransformationsbetweencoordinateframes.Theusercan
then selecttargets in imagery from any rover position and
planninginformationcanbe displayedin imageryfrom any
roverposition.Theusergenerallyseesall datarelative to the
currentsite frame,independentof the framethat the datais
actuallystoredrelative to.

3. DOWNLINK DATA VISUALIZATION

Downlink datafrom thelanderor rover is providedby WITS
by meansof various‘views’. Panorama,Overhead,Wedge,
and3D viewswith datafrom theFIDO roverMay2000desert
field testareshown in Figure5. The Resultswindow (Fig-
ure6) enablestheuserto selectdataproductsto bevisualized
in views,baseduponroverpositions.ThePlanwindow (Fig-
ure15)providesavailableviewsbaseduponaspecificuplink
plan.A planincludesview definitionsandsequenceinforma-
tion for generatingoneuplink sequence.

The views display variousplanninginformation. Informa-
tion is displayedconsistentlyin all views whereit is visible.
In Figure 5, the rover is shown asa 3D solid model in the
3D view, in 3D wireframein the Panoramaview, andin 2D
wireframein the Overheadview. The ruler is shown in the
Panoramaview (it is out of rangein the otherviews). The
pointeris shown in the PanoramaandOverheadviews. Tar-

getsarepink circles,waypointsareblue squares,andgroup
markersaregreentriangles. Yellow footprintsareview ob-
jectswherepancamimageswill be taken. Small yellow cir-
cles are view objectswhere IPS spectrometerdatawill be
taken,e.g.,at ips1andips3.

ResultsWindow

TheResultswindow displayslistsof availabledownlink data
organizedby sitesandpositions.TheResultswindow is a tab
in theMain window, asshown in Figure6. Selectinga data
productcausesthe associatedview to pop up displayingits
data. WITS automaticallydetermineswhat type of datathe
selectionrepresentsandopenstheappropriateview to display
the datain. The varioustypesof dataviews are described
below.

At thebottomof theResultswindow is theReloadDatabase
button.Pressingthisbuttonupdatesthedisplayin theResults
window. Thisis usedafterthedatabasehasbeenupdatedwith
new dataproducts.Theupdateddatabasecouldbeeitherthe
primary databasefor usersat the primary operationscenter
or the databaseon a remoteuser’s computerthat hasbeen
updatedby MECS.

DescentView

The Descentview providesa 2D imagetaken from the air,
e.g.,from orbit or duringdescentto thesurface.TheDescent
view displaysthelandinglocation,planninginformation,and
all sitesup to thesiteof thecurrentplan.Thesitesarenamed
and connectedsequentially. The view can be rescaledand
resized,andtheusercanselectto toggledisplayof sites,lines
betweensites,waypoints,andtargets. The usercanselecta
pointandcanchooseto display3D pointsin LANDER frame
or lastsiteframecoordinates.

An exampleDescentview, usingdatafrom sol9 of the first
weekof theMay 2000FIDO roverfield test,is shown in Fig-
ure7. Thefigureshows thesitesthat therover hastraversed
to, with the rover currentlyat site 7. The imagealsoshows
the targets(circles)andwaypoints(squares)that have been
specifiedfor thecurrentplan.

OverheadView

TheOverheadview provides2D overheadimagesof thearea
aroundtherover, asshown in Figure5. TheOverheadview
is differentfrom theDescentview in that view objectsfor a
sequenceare displayed(view objectsare discussedin Sec-
tion 4). The usercan choosebetweenvariousbackground
imagesincluding texture,elevation,contour, andobstacle;a
color-codedelevation mapis shown in Figure5. The Over-
headview provideslocationselectionanddisplay, ruler tool
selectionanddisplay, target andwaypointdisplay, view ob-
jectdisplay, square,radial,andanglegridsdisplay, andtoggle
of displayof headings,radialgrid, andsquaregrid.
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Figure 6. ResultsWindow

Figure 7. DescentView

WedgeView

TheWedgeview displaysoneimageassociatedwith a stereo
camerapair, asshown in Figure5. As in otherviews, targets
arepink circles,waypointsarebluesquares,andgroupmark-
ersaregreentriangles.Smallyellow circlesareview objects
whereIPSspectrometerdatawill betaken,e.g.,at ips3.

TheImagemenuallowstheuserto selectwhatimageproduct
to view. Therearevariousstandardimageproductsavailable.
Standardimageproductsfor monochromeimagesincludethe
original left andright imagesfrom the stereopair, versions
of thoseimageswith elevation dataoverlayedon them,and
a combinedanaglyphimagewhich canbe viewed with red-
blueglassesto seescenein stereo.Standardimageproducts
for colorimagesincludethecompositecolorleft andright im-
ages,versionsof thoseimageswith elevationdataoverlayed
on them,the anaglyphimage,andseparateimagesfor each
camerafrom thethreecolorbands.

The Wedge view provides location selectionand display,
ruler tool selectionanddisplay, targetandwaypointselection
anddisplay, andview objectdisplay. Azimuth headingsare
shown relative to North andtilt anglesareshown relative to
thehorizontal.Anothermenuitemallows theuserto linearly
modify thecontrastof theimagesuchthat90%,95%,or 98%
of thepixel intensitiesarewithin thetotal range.

3D view dataandOverheadview dataareautomaticallypro-
ducedfor eachimagestereopair. 3D and Overheadviews
correspondingto the Wedgeview can be openedvia menu
itemsin theWedgeview Action menuitem.

PanoramaView

The Panoramaview displaysa mosaicof imagestaken by a
stereocamera,asshown in Figure5. The rover is shown in
wireframeandthe ruler andpointerarevisualized. Targets,
waypoints,andgroupmarkersareshown. Imagefootprints
are view objectswheremastmountedpancamimageswill
be taken. Small yellow circles are view objectswhereIPS
spectrometerdatawill betaken,e.g.,at ips1andips3.

The imagesof a panoramaare automaticallyplacedin the
mosaicat run-time. The Panoramaview provides location
selectionanddisplay, ruler tool selectionanddisplay, target
andwaypointselectionanddisplay, andview objectdisplay.
Azimuth headingsareshown relative to North andtilt angles
areshown relativeto horizontal.Theusercanchangethemin
andmaxazimuthandtilt anglesto draw thepanoramawith a
convenientanglerange.The view canbe rescaledto 1, 1/2,
and1/4 size. Scroll barsallow theuserto scroll throughthe
panoramaboth vertically andhorizontally. A menuitem al-
lows the user to linearly modify the contrastof all images
such that 98% of the pixel intensitiesare within the total
range.

When a userselectsa pixel in an image, the associate3D
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Figure 8. ContrastAdjusterView

point on the terrainbecomesthe currentselectedpoint and
the imagethat thepoint is in becomesthecurrentlyselected
image. A menuitem allows the userto opena Wedgeview
for theselectedimage.

ContrastAdjusterView

The ContrastAdjuster view is openedfrom a Wedgeview
pull-down menuandenablesthe contrastto be adjustedfor
a Wedgeview image,asshown in Figure8. The minimum
andmaximumdesiredpixel intensitiesareselectedvia scroll
barsandthenthepixel intensityvaluesof the imagearelin-
early stretchedto have the selectedpixel intensitiesbecome
minimum(0) andmaximum(255). Theinitial imageandthe
histogramsof the initial andadjustedimagesareshown on
theleft andthemodifiedimageis shown on theright.

3D View

The3D view provides3D visualizationof the rover andter-
rain, andplanninginformation. Targetsarepink coneswith
spheresat thebottomwherea targetis (thecurrentlyselected
target is coloredred). Waypointsareblue boxes. The user
caninteractively changethe viewpoint andzoomandtrans-
lateandrotatetheviewpoint. In Figure5, therover andtwo
targetsareshown.

Control Window

TheControlwindow providesinteractivecontrolovervisual-
izationin the3D view. Specifictabsareprovide for mission-
specifichardwareelements.For theFIDO rover, theusercan
specify statesof mastangles,mini-corer, body, instrument
arm,andcameraview cones.Also, theusercanselectwhich
imagesto show as3D terrainin the3D view.

InstrumentData View

TheInstrumentDataview displaysscienceinstrumentresults.
It is assumedthatscienceinstrumentdatahasbeenprocessed
to generatea jpeg image.Thejpeg imageis displayedalong
with theroverstatewhenthedatawasacquired.An example
of IPS spectrometerdatafrom the FIDO field test is shown

Figure 9. InstrumentDataView - IPS

Figure 10. InstrumentDataView - Color Microimager

in Figure9. An exampleof ColorMicroimagerdatafrom the
FIDO field testis shown in Figure10.

PointerandRuler

Thepointertool enablesselectionof a 3D point in animage.
Clicking on a point in a Descent,Overhead,Panorama,or
Wedgeview causesa crossto bedrawn therewith theX,Y,Z
valueson the terrain for that point with respectto the cur-
rentsite.This locationbecomestheglobalcurrentlyselected
location.An exampleis shown in Figure5.

The ruler tool enablesdrawing a ruler betweentwo 3D lo-
cationsin the terrain. Clicking and draggingbetweentwo
pixels in a Descent,Overhead,Panorama,or Wedgeimage
causescrossesto bedrawn at thestartandendpointsandthe
X,Y,Z valuesat thestartandendpointsto bedrawn, with the
X,Y,Z valuesgivenwith respectto thecurrentsite. Thedis-
tancebetweenthepointsandthe azimuthdirectionfrom the
startto endpointarealsodisplayed.A line is drawn between
the start and end points. The ruler is storedas a view ob-
ject anddisplayedin all Descent,Overhead,Panorama,and
Wedgeviews. An exampleis shown in thePanoramaview of
Figure5.
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Figure 11. FeatureHeightWindow

Figure 12. LocationImagesWindow

FeatureHeightWindow

TheFeatureHeightwindow is usedto measuretheheightof
a feature. The userselectspointson the featureandon the
groundand the averageheight is displayed. An exampleis
shown in Figure11.

LocationImagesWindow

The LocationImageswindow is usedto find all imagesand
views that a specifiedlocation is seenin. An exampleLo-
cationImageswindow is shown in Figure12. Theavailable
locationsare listed in the left column, including the current
cursorlocation,all targetsandwaypoints,andall positions
thattheroverhastraversedto. Theuserselectsthedesiredlo-
cation.Thesitesto searchareselectedin themiddlecolumn.
Theusercanselectone,multiple, or all sitesto besearched.
Theexampleshows that four siteswill besearched.Search-
ing a site meansto checkall imagesandviews which have
datain thespecifiedsite. Thesearchresultsareshown in the
right column.Selectinga searchresultwill causetheassoci-

Figure 13. CustomDataProductExample

atedWITS view to open.

CustomData Products

Usersareableto createtheir own dataproducts,placethem
in the WITS database,andthenview themwith the Wedge,
Overhead,and InstrumentData views. The usergenerates
thedatain thecorrectformatandputsit in thedatabaseat the
desiredplace. Wedgeview, Overheadview, andInstrument
Dataview customdataareproducedby usersasjpeg images
with a specifiednamingconvention. The new dataproduct
automaticallyshows up in a menuof the associatedview.
Dataplacedin theprimarydatabaseis accessibleby all mis-
sionparticipants.Thisis aconvenientmeansfor usersto store
customdataproductsin the correctplacein the database,to
view theirdataproducts,andto sharetheirdataproductswith
otherusers.

Figure13 shows a customdataproductviewed with the In-
strumentDataview. Thedataproductshowsa library spectra
of themineralKaoliniteandthespectrafrom ninepointsin an
IPSgrid. It wasproducedby a remoteparticipantduringthe
May 2000FIDO field testandsavedto theprimarydatabase
at JPL.

4. UPLINK SEQUENCE GENERATION

Sequencegenerationstartswith usersselectingtargetswhere
scienceactivities will beperformed.Waypointsareselected
to specifywheretherover will traversethrough.Macrosare
addedtoasequencetospecifythetasksthattheroverwill per-
form. Resourceanalysisandrulescheckingareperformedto
verify that thesequenceis valid within specifiedconstraints.
Thesequenceis simulatedandthensentto the rover for ex-
ecution. Featuresthat WITS provides to supportsequence
generationby a groupof usersaredescribedbelow.

Plans,PlanWindow

A plan containsinformationassociatedwith oneuplink se-
quencesuchassciencetargets,sequencefragments,andas-
sociatedviews. Plandatais in a directoryin the uplink part
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uplink�
targetLibrary
- targetLib-name (one target library file)�
plan
- plan-name (directory for one plan)�

viewDefinition-name (a view definition directory)�
planTargets (plan targets definition file)�
apgen (directory of sequences to be imported from APGEN)�
seqgen (directory of sequences to be exported to SEQGEN)�
witsSeq (directory of WITS sequences)

Figure 14. Uplink DatabaseStructure

Figure 15. PlanWindow

of the database.The uplink databasestructureis shown in
Figure14.

It is useful to collect all planning information for one se-
quenceinto a plan. Thereis muchdownlink dataavailable
to view, but only a smallsubsetmight beof interestfor plan-
ning onesequence.The setof dataandthe view definitions
to view it arestoredwith theplan.After thedownlink datais
available,ausercanusetheResultswindow to view any data.
An openview thatis of interestto theplanis associatedwith
theplanby selecting‘Save to Plan’ in theview’s File menu.
All targetscreatedandsavedwhile in a planaredefinedand
storedin the planTargetsfile. The apgenandseqgendirec-
toriesrepresentdirectorieswheresequencesfrom or to other
sequencetoolsarestored.Theapgenandseqgendirectories
referredto theAPGENandSEQGENtoolsin theMarsPolar
Landermission.

The Planwindow is a tab in the Main window, asshown in
Figure15,andis usedto manageplans.ThePlanwindow dis-
playsavailablePanorama,Overhead,Wedge,and3D views
for a specificplan. This is a convenientway to presentavail-

ableviews to theuser. Eachview definitionhasa specificset
of downlink datait uses,sodefinitionsof views may beup-
datedfor eachnew plan.ThePlanwindow hasdatadisplayed
in atreestructurewhosenodescanbeexpandedor collapsed.
Theuseropensa view to visualizedownlink databy clicking
on the item. Theuserchangesplansby doubleclicking on a
plan.

The Plan window is also usedto provide generalinterac-
tion with the user. Via the Plan window Show menu the
usercan togglewhetherto show variousitems in all views
including targets, waypoints, pointer, ruler, view objects,
and imageoutlines. Via the Plan window Window menu,
the usercanopenothergeneralwindows andviews includ-
ing: Optionswindow, FeatureHeightwindow, LocationIm-
ageswindow, SyntheticLocation window, Target Reacha-
bility window, Control window, CheckEphemeriswindow,
BlankOverheadview, andBlank3D view. TheSyntheticLo-
cationwindow enablesauserto specifytargetsandwaypoints
by typingin thevaluesdirectlyor gettingtheX,Y valuesfrom
the Overheadview andspecifyingthe Z value. The Check
Ephemeriswindow providespointinginformationto celestial
bodies,e.g.,theearth,sunor moonsof mars.

Target andWaypointSelection

Targetsare locationswhere sciencedata will be acquired.
Waypointsareterrainlocationswheretherover will traverse
to. A userspecifiestargetsandwaypointsinteractively in the
viewsandthey canbeusedby nameasparametersin macros
in a sequence.

A targetor waypointis createdfrom thecurrentlyselectedlo-
cation.A new selectedlocationis createdby selectingapoint
in aDescent,Overhead,Panorama,or Wedgeview. A crossis
drawn at theselectedlocationandthecorresponding3D co-
ordinateson theterrainaredisplayed.This selectedlocation
canbeturnedinto a namedtargetor waypointusingtheAdd
menuof theTargetswindow. WITS storesvariouspiecesof
informationassociatedwith the locationincluding imagein
which thelocationwasselectedandthesurfacenormal.

A targetor waypointcanbemovedby clicking on it in aview
anddraggingit to anotherlocationor moving it pixel-by-pixel
with keyboardarrow keys. By default a target can not be
moved after it hasbeensaved to the database.The ability
to edit, which includesmoving, a targetaftersaving it to the
databasecanbesetin theOptionswindow.

Whena waypointis added,WITS automaticallyaddsa new
waypoint-level elementto the currentsequence.A request
elementis addedwith a driveRover macro.Thesequencein
theSequencewindow is automaticallyupdated.

The Targetswindow providesmanagementof targetsandis
accessibleas a tab in the Main window, as shown in Fig-
ure16. A targetcanbe added,deleted,or edited. Thereare
two typesof targets:plantargetsandlibrary targets.

9



Figure 16. TargetWindow

Plantargetsaretargetsassociatedwith thecurrentplan.They
arestoredin the databasewith the currentplan andarenot
accessibleby other plans. Targetsare saved to the current
planin theTargetwindow by selectingFile/Save.

Library targetsare targetsthat arestoredin a target library
file in the database.Above the list of targetsin the Target
window is a pull-down menuof availabletarget library files
(the plan target list is also oneof the options). The list of
targetsin the Target window are the targetsin the selected
targetlibrary. Library targetscanbeimportedinto a planand
thensavedasa plan target. A target is savedto a library file
by selectingFile/Export. This bringsup the Target Library
window wheretheuserspecifieswhich library file to put the
target in. Theusercandefinea new library file in theTarget
Library window.

Loadingtargetswith File/Loadcausesthe plan targetsto be
reloadedfrom theserver. This might bedoneaftera remote
userhasaddeda target.

An annotationfor atargetcanbeaddedto explainthepurpose
of thetarget,asshown in Figure16. Thevisibility of a target
canbeturnedon andoff usingtheTargetswindow. Turning
off thevisibility of atargetcausesit to notbedisplayedin the
views,but it is keptaspartof theplan.

SequenceBuilding

The Sequencewindow is usedto generatea commandse-
quenceand is accessibleas a tab in the Main window, as
shown in Figure5. A commandsequencehasa hierarchyof
elements.The hierarchy, in descendingorder, is: Sequence,
Waypoint,Request,Macro,Step. Therecanbe any number
of elementsat a lower level of the hierarchy, e.g.,therecan
be any numberof macrosin a request.A requestrepresents
a high-level task. A macro,describedin moredetail below,
is the functionalelementin WITS by which the userspeci-
fiescommandsandparameters.Macroshaveexpansionsinto

steps.A stepis a low-level commandthat will be uplinked
to the spacecraft.WITS cangeneratevariousformat output
sequences.For theMarsPolarLandermission,WITS output
sequencesin the SpacecraftActivity SequenceFile (SASF)
format.

TheSequencewindow showsthesequencesin oneplan.Mul-
tiple sequencescanbedisplayed.A plangenerallyrepresents
theplanningelementsto generateonecommandsequenceto
be uplinked to the spacecraft.The sequencesareshown on
theright handsideof theSequencewindow. Supportingmul-
tiple sequencesis usefulfor integrationof subsequencesfrom
differentscientistsor subsequencesfor differentinstruments
into thefinal uplink sequence.

A list of macroswhich can be insertedinto a sequenceis
shown on the left side of the Sequencewindow. Multiple
lists of macrosareavailable;choosingbetweenmacrolists is
donevia thepull-down menuabove themacrolist. A macro
is insertedinto a sequenceby selectingthelocationin these-
quencefor it to be insertedandthendoubleclicking on the
macroin the macrolist. Doubleclicking on a macroin the
sequencecausestheMacrowindow to popup.

Therearevarioussequenceediting featuresin the Sequence
window, e.g.,cut, copy, paste,anddeletein theAction pull-
down menu.Additionally, theusercanclick anddraganitem
in thesequenceto anotherpositionin thesequence,e.g.,the
usercanclick on a macroanddragit into a differentrequest.
A usercandragall themacrosfrom onerequestinto another
requestasa blockof macros.

A Macro window is usedto specify the parametersfor a
macro. An exampleMacro window is shown in Figure17.
Thestructureof themacrowindow is thesamefor all macros.
At thetopis adescriptionarea.Theparameternames,values,
andmeansfor specifyingtheir valuesis in the middle, and
the macroexpansioninto stepsis at the bottom. Depending
on the type of parameter, text areas,pull-down menus,and
slidebarsareprovidedfor specifyingtheparametervalues.A
macro-specificalgorithmconvertstheparametersinto theex-
pansionwhich canhaveany numberof steps.

View Objects

View objectsareiconsof varioustypesthataredrawn in the
views. View objectsaredrawn in all appropriateviews. A
standardview object is the Ruler Tool view objectwhich is
usedto visualizetheRulerTool.

View objectsarealsousedto visualizecommandsin these-
quence.Commandsto takepictureswith mast-mountedcam-
erasare visualizedwith footprint view objects. Figure 5
shows footprint outlinesof pancamimagesdefinedin a pan-
campanoramacommand.Thefootprintscanbeseenin both
the Panoramaand Overheadviews. Small circles are used
asview objectsfor pointswhereInfraredPointSpectrometer
datawill betaken,asat targetips3in theWedgeview of Fig-
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Figure 17. MacroWindow

ure5 andat targetips1in thePanoramaview. Whena macro
or commandis addedto asequence,theassociatedView Ob-
jectsareautomaticallycomputedanddisplayedin theviews.

StateVisualization

Statevisualizationandsimulationareusedto view the pre-
dictedstateof the rover at differentpoints in the sequence.
Whena userselectsa stepin the sequencein the Sequence
window, statevisualizationupdatesall the views with the
stateof the rover at end of the selectedstep. Statevisual-
ization is usefulwhen checkingthe stateof the rover, e.g.,
instrumentarm andmastangles,at specificstepsof the se-
quence. The rover statesat the endof eachstepin the se-
quencearecomputedat thesametime astheresourcesused
by thestepssuchastime,energy anddatavolume.

Simulation

ThesequencecanbesimulatedusingtheExecutionwindow,
which is a tabin theMain window. Thewholesequencecan
besimulatedor theusercanselectspecificcommandsto sim-
ulate.Simulationprovidessmoothsimulationof eachstepof
the sequence,e.g.,the motion of the instrumentarm during
deploymentandplacementof an instrumenton a rock. The
usercanselectto singlestepthroughthesequencestartingat
a selectedstep.Simulationresultsarevisualizedin thevari-
oustypesof openviews.

Figure 18. TraverseSimulation

Rover traversesimulationis accomplishedby computingand
displayingtheroverconfigurationat incrementedstepsalong
the path. The rover position,orientation,bogey angles,and
resultingrover bodytilt aredisplayedat eachstep,asshown
in Figure18. Theroverheadingis known from thepath.For
eachincrementedpathposition,2D (X,Y) positionsof thesix
rover wheelsaredeterminedfrom the predictedrover posi-
tion alongthepath.Theelevationsof thesix wheelsarethen
determinedfrom theterraininformation.

Thefollowingalgorithmis usedto computethebogey angles,
bodytilt, andbodyroll ateachpathincrement.A bogey con-
nectsthe forward two wheelson eachsideof the rover. A
rockerconnectstherearwheelandthecenterof thebogey on
eachside.

1 Thebogey anglewith respectto theterrainreferenceframe
for eachof the two bogeys is calculatedusingthedifference
in heightsof thetwo bogey wheelsandthedistancebetween
thewheels.
2 The heightof eachof the two bogey attachpointson the
rocker is computedusing the height of front bogey wheel,
the bogey angle, and the mechanicalgeometryof the bo-
gey/wheelmechanism.
3 Theangleof eachrocker with respectto the terrainrefer-
enceframeis calculatedfrom theheightsof therockerwheel
andbogey attachpoint andtherockergeometry.
4 Theheightof eachof therockerattachpointsis calculated
usingthe rocker angle,rocker wheelheight,androcker ge-
ometry.
5 Becausethe rockers are attachedthrough a differential
linkage they actually representa single degreeof freedom.
Therovertilt with respectto theterrainreferenceframeis the
averageof thetwo rockerangles.
6 The rocker angleswith respectto the rover arecalculated
by subtractingout therover tilt.
7 Thebogey angleswith respectto therockersarecalculated
by subtractingout therockeranglesfrom thebogey angles.
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Figure 19. TraversabilityVisualization

8 Theroll of therover is calculatedusingtherelativeheights
of therockerattachpointson therover.

TraversePlanning

Rover traverseplanningis a critical part of sequenceplan-
ning. Rover pathsshouldrequireminimal time andenergy
for the traversewhile keepingthe rover as far as possible
from hazardousareas. In the Mars Pathfindermission, the
traversability of the terrain and the bestpath for the rover
werespecifiedby theoperatorwithoutadditionalterrainanal-
ysis tools [7], [8]. The operatorperceived the terrain and
plannedrover positionsin a stereoscopicdisplayof theMar-
tian terrainwhile wearingstereogoggles.Theoperatorcould
‘fly’ a 3D rover icon throughthe stereoscopicdisplay. The
operatorassessedthe traversabilityof the terrainby inspect-
ing thestereosceneandplacingtherover icon in variouspo-
sitionswithin thescene.

While rover traverse planning can be done directly from
the operator’s perceptionof the terrain, automatedrover
traversabilityanalysisandautomatedpathplanningarevalu-
abletoolsto assistin pathplanning.Automatedpathplanning
wasavailablein an earlierversionof WITS for the Rocky7
rover [9], but hasnot beenintegratedinto the FIDO rover
versionyet.

Automatedterrain traversability analysishas been imple-
mentedfor FIDO operations.As partof thePTePautomated
downlink processingfor FIDO, dataproductsare produced
thatoverlayterrainandtraversabilityinformationon images.
Theelevation-overlaydataproductdisplaysacolor-codedel-
evationoverlayedon an image. This enablestheoperatorto
seeelevation changesin the sceneto help in evaluatingthe

terraintraversability. PTePalsoproducesatraversabilitymap
which is anOverheadview imagethatshows traversableand
non-traversableareasin differentcolors.A traversabilitymap
in an Overheadview using datafrom the September2000
field test is shown in Figure 19. Criteria suchas obstacle
heightandslopeareusedto producethetraversabilitymap.

Rover pathsare specifiedin WITS by creatingwaypoints,
asdescribedabove. The waypointsaredisplayedin all the
views. Simulationandstatevisualizationcanbeusedto visu-
alizetheplannedroverstateateachwaypointin all theviews.

Hazardzonesareareasin theterrainthattherovershouldnot
traversethrough. Hazardzonespecificationenablesa user
to interactively specifyhazardzoneson the terrain. Hazard
collision predictionshows an operatorwhere the currently
plannedroverpathwill causetheroverto collidewith aspec-
ified hazardzone.

A usercreatesa hazardzoneby specifyingthe 3D centerof
thezoneandthenusingtheHazardwindow to createthehaz-
ardzone.A basicproblemwith specifyinga pointon theter-
rain in thecenterof thehazardzoneis that thedesiredpoint
ontheterrainis likely to nothaveterraininformation.For ex-
ample,if thehazardzoneis arounda boulder, thenthepoint
on thegroundat thecenterof thehazardwill beoccludedby
the boulder. The solutionoffered in this implementationis
to specifythe2D centerpoint in theOverheadview andthen
to specifytheheight(or Z) componentin a specialSynthetic
Locationwindow. This resultsin a new 3D selectedlocation
in WITS. The userthenopensthe Hazardwindow to make
the hazard.A hazardzoneis definedto be a circle. A user
specifiesthe hazardnameandradiusandcanaddtext com-
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Figure 20. HazardCollisionPrediction

mentsaboutthehazard.Thehazardis thendrawn asayellow
circle in theWITS views. A hazardis shown in anOverhead
view in Figure20.

Hazardcollisionpredictiondetermineswhena plannedrover
traverseis likely to causetherover to collide with a specified
hazardzone.A rovertraverseis specifiedbydesignatingway-
points for the rover to traversethrough. The plannedrover
traversepathis the straightline segmentsbetweenthe way-
points.Theroverpathis shown asgreenline segments.Col-
lision predictionis doneby testingthedistancefrom therover
to all specifiedhazardzone centersat incrementedpoints
alongtheplannedroverpath.Thedifferencebetweenthedis-
tancefrom the rover to the centerof a hazardzoneand the
hazardzoneradiusis computed.Thisdistanceis comparedto
safetydistances.Two safetydistancesarespecified:safeand
collision. If the differenceis greaterthanthe safedistance,
then thereis no dangerand the path is drawn green. If the
differenceis lessthanthe safedistancebut greaterthan the
collision distance,thenthe pathsegmentis designatedrisky
andcoloredyellow. If thedifferenceis lessthanthecollision
distance,then the pathsegmentis designatedasa collision
areaandcoloredred. A risky pathsegmentis shown in Fig-
ure20.

Therovertraversepathshown in Figure20wasactuallycom-
mandedin the May 2000FIDO field test. The hazardwas
a bush. The rover collided with the bush at the position
predictedby the display (the part of the path coloredyel-
low). Hazardzonespecificationandhazardcollision predic-
tion werenotusedbeforethetraverse.After thecollisionhaz-
ard zonespecificationandcollision predictionwereusedto
diagnosewhy therovercollidedwith thebush,andit became
obviousthat thereasonwasthattherover just drovewhereit
wascommandedto drive. Useof thehazardcollision predic-

tion beforecommandingthe rover could have preventedthe
collision (a saferpathwould have beencommanded).The
rover hadautomatedon-boardcollision detectionandavoid-
ance,but it wasdevelopedto detectsolid objectslike rocks
andoftenfails to detectbushes,asin this case.

InstrumentArm Planning

Instrumentarm planningconsistsof selectingtargetson the
terrainfor the rover’s instrumentarmto placean instrument
on andspecifyingtheinstrumentcommands,aswell asplan-
ning armdeploymentandstowage.Consistentwith theplan
for the MER mission,it is assumedthatall armmotion will
be donewith the rover in the samepositionaswhenit took
the imagesusedto plan the arm motion. Arm andarm in-
strumentcommandsare addedto the sequenceand edited.
Targetsare usedby nameas parametersin the commands.
Simulationandstatevisualizationcanbeusedto visualizethe
plannedarmstateaftereachsequencecommand.Two special
armplanningfeaturesareprovidedto assistin armplanning:
reachability-overlayimageandtargetreachabilityanalysis.

The reachability-overlay image is automaticallyproduced
duringdownlink dataprocessingby PTeP. It is afront hazcam
imagewith color-codedoverlayof areasreachableby thein-
strumentarm. An exampleof thereachability-overlayimage
in aWedgeview is shown in Figure21. With thereachability-
overlay image,the operatorcanseeall the possibleareasto
selecta sciencetargeton. In Figure21, thewhitepatchover-
layson thefront of therock andon thegroundarethereach-
ableareas.The reachableareason the rock would probably
not have beenpredictedasreachableby anoperatorwithout
thereachability-overlayimage.In thefigure,theoperatorhas
selecteda targetin thereachableareaon therock.

Targetreachabilityanalysisis providedby theTargetReach-
ability window, as shown in Figure 22. The userselectsa
target namefrom a list of targets. If the target is reachable,
thentarget informationandthearmjoint anglesto reachthe
targetaredisplayed.Also, thearmconfigurationonthetarget
is shown in the3D view, asshown in Figure21. If thetarget
is unreachable,then target informationand the reachability
violation reasonaredisplayed.

MastArticulationPlanning

Variousfeaturesareusedto simplify planningof masttasks.
Low-level andhigh-level macrosareprovided for sequence
generation.A low-level commandis providedfor eachcom-
mandthat the rover understandssuchascommandingjoint
angles,taking stereoimagepairs, and taking an individual
IPSspectrum.High-level macrosareprovidedto enableeasy
specificationof complicatedtaskssuchasIPSscans.A high-
level macrofor the IPS is the IPS scanmacrowhich causes
theroverto takeIPSmeasurementsatagrid of pointsaround
a target. The centraltarget name,the numberof horizontal
andvertical points, the horizontalandvertical spacing,and
variousIPSparametersareparametersfor themacro.For the
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Figure 21. InstrumentArm Planning

Figure 22. TargetReachabilityWindow

high-level macros,theuserinputsintuitive pointingparame-
ters,suchasatargetname,andtherequiredmastjoint angles
areautomaticallycomputed.

View objects,as describedabove, visualizethe masttasks.
IPS measurementpointsareshown assmall yellow circles,
pancamimageoutlinesareshown asyellow footprints,nav-
camimageoutlinesareshown asbluefootprints.Simulation
andstatevisualizationcanbe usedto visualizethe planned
maststateaftereachsequencecommand.

ConstraintsChecking

WITS providesautomatedresourceanalysisandrulescheck-
ing to verify varioustypesof constraintsthata commandse-
quencemustsatisfy. Energy, time duration,anddatavolume
resourceutilization werecomputedfor eachstepof the se-
quencefor theMarsPolarLandermission.Also, theabsolute
executiontime for eachstepwascomputed.For FIDO, only
datavolumeis computedsinceenergy andtime modelshave
not beendefinedyet. Resourceutilization is computedusing

resourcemodelsfor eachlow-level command.

Rulescheckingrunsall definedsequencerules. Many types
of rulescanbedefined.Resourceconstraintrulescancheck
that theactualresourcesusedarewithin theresourcealloca-
tions. Time constraintsrulescancheckthat commandswill
executeby a specifiedtime. FIDO hasnumeroussequence
rulessuchasrequiringthemastto bedeployedbeforetaking
apancamimageor thearmto bedeployedbeforeplacingthe
microimageron a target.

Automatedsequencerepair is provided to automaticallyre-
pair a sequencewhich violatessequencerules.Examplesare
the automaticinsertionof arm and mastdeployment com-
mandsif they aremissing. Resourceanalysis,rulescheck-
ing, andautomatedsequencerepairarerun via menusin the
Sequencewindow.

GroupCollaboration

Groupcollaborationhasbeenimplementedin WITS to en-
able groupsof geographicallyseparatedusersto collabora-
tively decideon objectivesfor the rover. The groupcollab-
oration featuresenabledistributedusersto collaborateas if
they werein thesameroomusingthesamecomputer.

Groupcollaborationfeaturesareprovidedto theuservia the
Grouptabof theWITS Main window, asshown in Figure23.
A usercan work independentlyviewing dataproductsand
editing sequences.Whenthe userwantsto work with other
usersto collaboratein viewing dataproductsor generationof
a sequence,thenthe userjoins a group. A usercancreatea
new grouporuseanexistinggroup.A list of all currentWITS
users,alongwith thegroupthey arecurrentlyin, is shown in
theleft columnof theGroupwindow.

14



Figure 23. GroupWindow

To ensurethat all groupmembersareviewing the samein-
formation,thegroupview featurewasimplemented.A view
is turnedinto a groupview by selectingthe ‘Add To Group’
itemin theFilemenuof thePanorama,Overhead,Wedge,and
3D views. Whena view becomesa groupview, it is opened
in all groupmembers’clientsandthewordGroupis addedto
its title.

TheGroupwindow ‘Marker’ menuis usedto managegroup
markers.A marker is a 3D locationselectedby a groupuser
anddisplayedon all othergroupusers’client views. Exam-
plesareshown in Figure5. To createa marker, a userfirst
selectsa pixel in an imagein a Panoramaor Wedgeview.
This locationis convertedto a marker by selecting‘Add’ in
the‘Marker’ menu.A greentriangleis drawn at thelocation
in all Panorama,Wedge,and Overheadviews of all group
membersandthe nameof the userwho createdthe target is
displayednext to themarker.

Group messagesare used for textual messagingbetween
group members. It is assumedthat during collaboration,
telephone-basedteleconferencingor Internet telephony are
usedfor verbalcommunication.All receivedgroupmessages
aredisplayedin theMessagesareaof theGroupwindow. To
sendagroupmessage,ausertypesthemessagein the‘Inputs’
areaof theGroupwindow andthenselectsthe‘Send’button.
Whothemessageissentto andhow it is sentarecontrolledby
theselectionin themenubelow theSendbutton.If ‘Personal’
is selected,thenthemessagewill only besentto theuserthat
hasbeenselectedin the userslist in the left columnof the
Groupwindow. Theselecteduserdoesnot have to be in the
groupthat thecurrentuseris in. If ‘Group’ is selected,then
themessagewill besentto all membersof thecurrentgroup.
If ‘Announcement’is selected,thenthemessagewill bedis-
playedin a pop-upwindow in all group members’clients.
The ‘Send Beep’ checkboxof the Groupwindow indicates

whetherthe userwantsa beepto be soundedon all group
members’clientswhentheirmessageis received.

The server maintainsa state for each group. The state
includes information on all current client users, all cur-
rentmarkers,cumulative groupmessages,andcurrentgroup
views. Whena userjoins a group, their client is automati-
cally initialized with thegroupstate,i.e., all thegroupviews
areautomaticallyopened,all themarkersaredisplayed,and
the group messagesare displayed. The group stateis also
usefulfor on-goinggroupusers.If a groupuserdeletesone
of moregroupviewsfor somereason,thenthey canautomat-
ically reopenthemby selecting‘RefreshGroupViews’ in the
View menuof theGroupwindow.

CollaborativeSequenceEditing

Collaborative sequenceediting is provided to enableusers
to simultaneouslyedit a commoncommandsequence.Se-
quencegenerationtime is reducedby having differentparts
of thesequencedevelopedin parallel.Thecollaboratingusers
canbeat theprimaryoperationscenteror distributedoverthe
Internet.

For collaborative sequenceediting, ownership of the se-
quenceis specifiedat the sequenceandrequestlevels. The
ownerof asequencecanmodify thestructureof thesequence
including adding and deleting requests,specifying owners
for eachrequest,andspecifyingresourceallocationsfor re-
quests.Thesequenceownercannotmodify themacrosinside
a requestthat is ownedby a differentuser(althoughthe se-
quenceowner candeletea completerequest).Tasksfor the
differentinstrumentsareseparatedinto differentrequestsof
the sequence.The owner of a requestcanadd,delete,and
modify themacrosinsidethe request,but cannotmodify the
constraintsandresourceallocationsfor therequest.A special
usercalledthesequencemanagercanmakeany modifications
to thesequence.

To collaboratively edit a sequence,a userfirst checksout the
sequence.Thesequenceis copiedfrom thecommonserverto
theuser’s WITS client. Theuserthenmodifiesthesequence
as appropriatefor their ownership. Updating the common
serversequencewith theuserchangesis calledmerging.

To merge a sequenceowner’s changesto the commonse-
quenceat the server, the sequenceowner userselectsa Se-
quencewindow menuitem to modify thesequencestructure.
Theoriginal commonserver sequenceis copiedandgivena
versionnumber. Thenthe structurechangesaremadeto the
sequence.All requestsin themodifiedsequenceareusedin
the new sequence.For all requeststhat werein the original
sequence,the macrosarecopiedfrom the original sequence
andplacedin thenew sequence.

A requestowner mergeschangesto the commonserver by
selectinga menuitem to mergetheir changesto thecommon
server sequence.Theoriginal server sequenceis copiedand
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Figure 24. AutomaticallyGeneratedSequenceReport

given a versionnumber. Then the requestsin the original
sequencethat the currentuseris owner of areupdatedwith
themacrosin themodifiedsequence.

AutomatedReportGeneration

The sequenceplanningprocessis not completewith the se-
quencebeinguplinkedto the rover. Reportsneedto be pro-
ducedto documentthesequence.An automatedsequencere-
port generationcapabilitywasdevelopedandintegratedinto
WITS [10]. Sequencereportsare automaticallygenerated
andprovided in a web-browser-basedoperationsreportsys-
tem. An automaticallygeneratedsequencereportweb page
from theMay 2000FIDO field testis shown in Figure24.

Thepurposeof theautomatedreportgenerationis to reduce
thedocumentationtimefor eachsequenceandto makeit easy
to accessdownlink dataproductsanduplink sequenceinfor-
mation. Automaticgenerationof informationfor thereports
reducesthe time to generatethe documentation,ensuresac-
curateinformation, and canprovide more information than
couldbegeneratedby hand.

A sequencereport provides detailed information for a se-
quence.Thereport,consistingof numerousHTML andjpeg
imagefiles, is automaticallygeneratedvia amenuitemin the
Sequencewindow. Four framesare used. The upperright
framehasstaticinformationaboutthesequenceincludingits

name,operators,and rover initial position. The upper left
framehaslinks which control what informationis shown in
the bottomleft frame. The bottomright framehasinforma-
tion asselectedin thebottomleft frame.

The Sequencewith Links pageshows the WITS sequence
with its hierarchicalelements,asshown in Figure24. Steps
have the incrementedsteplabels,commandswith parame-
ters,StatesandResourceslinks, andlinks to theview images
which relateto the Step. The Stateslink causestheplanned
rover statesat theendof theStepto bedisplayedin thebot-
tom right frame. Thestatesincluderover positionandhead-
ing, instrumentarmangles,andmastangles.TheResources
link displaysthe start time and the resourcesafter the Step
including duration, energy, channelizeddatavolume, non-
channelizeddatavolume,and total datavolumecumulative
for theStep,Macro,Request,andSequence.Thereareicons
for the3D view, Panoramaview, Wedgeview, andOverhead
view. If a jpeg imageof aview wassavedfor thestep,thenits
icon is listedwith thestep.Theiconsarelinks to theimages.
Selectionof a view icon causesthe jpeg imageto be placed
in thebottomright frame.Figure24shownsa3D view selec-
tion.

Moviesof Overhead,Panorama,and3D views areprovided.
Javascriptprogramsaregeneratedfor the movies. Selection
of thedesiredmovie in theupperleft framecausesthemovie
to theplayedin thebottomright frame.
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Selectionof the OutputSequencelink causesthe outputse-
quence� to bedisplayedin thebottomright frame.Selectionof
theInitial Stateslink causesacompletelist of therover’s ini-
tial statesto bedisplayedin thebottomright frameincluding
all statesdownlinkedfrom the rover. Selectionof the Initial
ConditionViews link causesthejpeg imagesof all theWITS
openviews,showing theroverat its stateat thebeginningof
the sequence,to be displayedin the bottom left frame at a
constantwidth. Selectionof oneof imagescausesthe full-
sizeimageto bedisplayedin thebottomright frame.

Selectionof theView Tablelink causesall of thestoredjpeg
imagesof theviews to bedisplayedin thebottomleft frame
separatedby their associatedSteps.Selectionof oneof the
imagescausesthefull-size imageto bedisplayedin thebot-
tomright frame.Selectionof theSequenceDetailReportlink
causesthesequencewith all of its hierarchicalelementsto be
displayedin thebottomleft framealongwith view imagesat
eachstep. Selectionof the ResourceReportlink causesthe
detailedresourcereport to be displayedin the bottomright
frame.

5. CONCLUSIONS

The FIDO groundoperationssystemincorporatesadvanced
operationstechnologiesto make rover sequencegeneration
efficient. The Parallel Telemetry Processor(PTeP) effi-
ciently processesdownlink telemetryto generatenumerous
dataproducts.TheMulti-missionEncryptedCommunication
System(MECS) efficiently distributes databaseupdatesto
Internet-basedparticipantsandhandlescommunicationwith
Internet-basedWITS clients. The Web Interfacefor Tele-
science(WITS) enablesefficient distributed downlink data
visualizationandroversequencegeneration.
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